This paper introduces a new design for a Rotman lens that has been proposed to minimize its size and provide a suitable design for a compact beamforming system. The size reduction is realized by minimizing the length of the transition structures, which are positioned between the lens body and the connecting lines. The proposed structure is much shorter than a conventional transition structure, which is a tapered line in general. As a result, a 45% size reduction can be achieved by using the proposed transition structure, compared to a typical Rotman lens with linearly tapered lines. Therefore, the proposed Rotman lens will be suitable for compact beamforming systems. This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Ⅰ. Introduction
A Rotman lens, first proposed by Rotman and Turner [1] , is a kind of planar lens in which a wave is guided along constrained paths based upon the design equations. It can generate multiple beams with phase relationships that are determined from the path length of the wave passing through the lens. Its advantages are easy fabrication, low cost, light weight, wide bandwidth, and the simultaneous availability of many beams. It can have low aberrations in a wide scanning angle because there are three perfect focal points. In addition, it is able to decide the number and direction of beams for the desired shape within the scanning angle. Thus, for 50 years it has been widely used in various areas, especially in military applications [2] .
The most recent version of the Rotman lens is a compact design for commercial applications. For this reason, much research has focused on the various types of compact Rotman lenses. A simple method to reduce the lens size is to design the Rotman lens in millimeter wave band [3] [4] [5] . Fuchs and Nussler [3] proposed a compact Rotman lens feeding a 10-element linear array at 94 GHz using conventional waveguide technology. Another approach for reducing the size of beamformers involves reduction of the length of delay lines between the lens body and the antenna array. Song et al. [6] fabricated a Rotman lens on a low temperature co-fired ceramic (LT-CC) substrate, aiming for 60 GHz system-in-package (SiP) applications. He introduced air cavities around the transmission line, which could lower the effective permittivity of the line. With those lines, the Rotman lens can satisfy the phase conditions for an antenna array with reduced delay lines. A similar method was realized by Cheng et al. [7] , who designed a Rotman lens based on a substrate-integrated-waveguide (SIW) and controlled the phase of delay lines by changing the width of the SIW. Previously, a two-layer Rotman lens-fed antenna array has been proposed for a compact beamforming system [8] . This method basically reduces total size of the product using a two-folded structure. In addition, this method can minimize the length of delay lines without violating the true time condition. These characteristics are quite useful for a small device, since most Rotman lenses have delay lines that occupy a large area in the system. In some cases, a larger area is required for the delay lines than for the lens body.
Although the previously reported methods are attractive for compact beamforming systems, the degree of size reduction is limited since most of them only focus on reducing the length of the lines. Therefore, the present work proposes a novel method for a compact Rotⓒ Copyright The Korean Institute of Electromagnetic Engineering and Science. All Rights Reserved. man lens. The proposed method is able to reduce the size of transition structures between the lens body and the transmission lines. This is quite effective for size reduction because the area for the transition structure can be reduced to less than half. The method and the design process are explained in detail in the following sections.
Ⅱ. New Transition Structure for a Compact Rotman Lens
A shape of a typical Rotman lens is shown in Fig. 1 . It consists of four parts; the lens body, transition structures, lines, and the antenna array. The shape of the lens body is calculated from the lens equations, with lens parameters such as operating frequency (f0), substrate information (εr, t), scanning angle (), focal angle (α), and focal length (F). The antenna array is determined from the specification of the beam. Therefore, the remaining parts, which are adjustable, are the lines and the transition structures.
The transition structures are positioned along the periphery of the lens body. They make the transition between the signal lines (typically a 50-Ω line) and the parallel plate region of the lens body. Their major role is power transfer without reflection. In most Rotman lenses, linearly or exponentially tapered lines, which are typically longer than λ0/2 have been used for a simple transition structure with little reflection [9, 10] . If the signal lines can be directly connected to the lens body without these tapered lines, the total size of the beamforming system could be made as small as possible. However, the main problem with direct connection is the power transmission. A large amount of inserted power is reflected at the boundary of the lens body if there is no transition part. To solve this problem, a new shape for the transition part is proposed in this work. The reason for the large reflection is a mismatch between the line and the parallel plate region. Thus, a simple solution can be found from an impedance matching network, as shown in Fig. 2 . The load impedance (ZL) represents the impedance observed at the end of a transmission line. A new transmission line, which works as an impedance transformer, is inserted between the line and the parallel plate. The characteristic impedance and the phase velocity of the new line are Zc and kg, respectively. The input impedance (Zin) is then changed as follows.
Zc is determined from the width of the new line (w), and l is the length of the new line. With this new transmission line, the impedance on the Smith chart rotates clockwise on the impedance of Zc, as shown in Fig. 3 .
Eq. (1) has only two unknown factors, which are Zc and k g l. Since both real and imaginary terms of the Eq.
(1) should be zero, the exact solution for an impedance matching at 50 Ω line can be derived as 2 50 50 50
where R+jX is the load impedance (ZL). This is quite a simple and effective method because one can easily match a 50 Ω line with a parallel plate region at a target frequency (f0) by controlling only two parameters. This mechanism is similar to a λ 0 /4 transformer, but the difference is the load impedance (ZL), which is typically a complex value.
The effectiveness of the proposed method is verified by realizing a new transition structure using both equations and a simulation tool. A microstrip line is selected as a feeding line. The target frequency is 24 GHz. The Taconic TLY-5 (Petersburgh, NY, USA) is used as a substrate whose dielectric constant is 2.2 and height is 0.25 mm. The load impedance is obtained from a fullwave simulation based on the finite-element method (FEM). The simulation setup is described in Fig. 2 (direct connection). In this case, the simulated load impedance (Z L ) at 24 GHz is 11.7+j15.1 Ω. The required characteristic impedance and the electrical length (k g l) are calculated from Eqs. The proposed structure is simulated with a FEMbased simulation tool. The simulated results differ from the calculated results because the transition structure is not an ideal transmission line. Thus, the length and width are tuned to compensate the differences and the final results are l=1.4 mm and w=1.4 mm. The simulated reflection coefficient and impedance are plotted in Fig. 4 . From the results, the transformed impedance locates near the origin of the Smith chart, and it is perfectly matched with a 50-Ω transmission line at desired frequency. The operating bandwidth of the proposed structure was from 18.4 GHz to 30.9 GHz. This is sufficient for commercial use because the fractional bandwidth is larger than any other commercial applications.
The radiation performance of the proposed transition structure is also studied in the parallel plate region. The distribution of the E-field at 24 GHz is shown in Fig.  5(a) . It shows that the E-field fed from the transmission line radiates well into the parallel plate region. The magnitude and phase of a cylindrically radiated field is tested along the dotted circular line presented in 5(a). The radius (r) is the distance from the origin in which the transition structure and the parallel plate region are connected. The scan angle () is the angle from the normal direction of the boundary. The simulated magnitude and phase are plotted in Fig. 5(b) and (c). The performance of the new transition structure is verified by comparing the magnitude and phase with those of a typical tapered line whose length is a half wavelength. From the results, the proposed structure shows less directive pattern with a smaller phase difference than the tapered line. These results indicate that the designed structure works as an ideal pointing source. This might be favorable for the design of a Rotman lens with low phase error.
Ⅲ. Design of a Rotman Lens with the Proposed New Transition Structure
A novel transition structure was proposed and studied in the previous section. In this section, a Rotman lens is designed with the proposed transition to verify its performance and size reduction. Taconic TLY-5 (εr=2.2 and t=0.25 mm) is used as a substrate.
Before designing the Rotman lens with the proposed transition structure, a conventional Rotman lens is designed as a reference. It has 5 beam ports, 7 array ports, and 6 dummy ports. The center frequency is 24 GHz, and the band of interest is from 22 GHz to 26 GHz. The distance between antenna elements is a half wavelength in free space (λ0/2=6.25 mm). The focal angle (α) and beam angle (φ) are 25°. The geometry of the reference Rotman lens is presented in Fig. 6 . The diameter of the lens body is 21.9 mm (1.75λ0) and the size of the lens body is approximately 21.9×29 mm 2 .
The length of the tapered line is set as a half wavelength (λ0/2=6.25 mm) to guarantee a good transition. The angle of a linear transition is less than 35.4° as shown in Fig. 6 . Previously Musa and Smith [11] studied the tapered line for printed Rotman lenses and found that the performance of the tapered line was guaranteed when the angle is smaller than 40°. Therefore, it is apparent that the reference Rotman lens is adequate for the comparison. The size of the lens body with the tapered lines is checked by assuming that the area that includes the lens body and the tapered lines is an ellipse, as presented in Fig. 6 . Since the shape and length of the lines are varied in accordance with the positions of the other components, this area is a crucial factor for the size. The equation for the area of an ellipse is πab/4, where a and b are the lengths of the ellipse's major and minor axes, respectively. Thus, the area of the dashed ellipse is π A compact Rotman lens with the proposed new transition structure is then designed, as presented in Fig. 7 . It has the same lens body as that of the reference Rotman lens, whereas the proposed transition was used instead of the tapered lines. As mentioned in the previous section, the new transition structure is positioned between the lens body and the connecting lines. The area for the lens body and the transition structures is π (24.7×31.8)/4=616.9 mm 2 which is 55% of the reference Rotman lens in Fig. 6 . The proposed structure was verified by fabricating and measuring the proposed and the reference Rotman lenses shown in Fig. 8 . The lens bodies, as well as the lines, were deliberately patterned on the substrates in a high precision etching process. All ports were connected with high performance SMA connectors. Although the design of the lens body and the tapered lines were fixed, the transmission lines were extended to have enough space between two adjacent SMA connectors. The length and shape of the extended lines were designed to be the same in both Rotman lenses to assure the same effect. The two-port scattering parameters were then measured by a network analyzer (HP8722D; Agilent Technologies, Palo Alto, CA, USA) from 22 GHz to 26 GHz.
Ⅳ. Fabrication and Measurement of the Proposed Rotman Lens
The lens efficiency is the ratio of the input power from a beam port to the gathered power at all array ports. It is the most important factor in lens performance. The lens efficiencies are obtained from the measured two-port scattering parameters. The results are plotted in Fig. 9 . The lens efficiencies of the proposed structure at 24 GHz are 27.7%, 31.7%, 37.1%, 30.5%, and 27.8%, respectively, whereas those of the reference Rotman lens are 30.3%, 34.0%, 40.4%, 34.4%, and 30.3% respectively. The lens efficiencies of the proposed Rotman lens are slightly lower than those of the reference Rotman lens in all beam ports. The possible reason is that the less directive pattern of the new transition structure, which is plotted in Fig. 5(b) , reduces the lens efficiencies. However, the differences are not significant. The maximum difference is observed from B4, at which is 3.9%. The radiation patterns are synthesized from the measured two-port scattering parameters. The results are plotted in Fig. 10 . All beams are normalized to the pattern from B3 of the reference Rotman lens. For a quantita- tive comparison, the directions and powers of the main beams are summarized in Table 1 , which shows that the largest differences of the beam direction and the power are 1.1° and 0.66 dB at B4, respectively. These results indicate that two both types of Rotman lenses have similar performances.
Therefore, the measured results indicate that a Rotman lens with the proposed new transition structures can reduce the total size of a Rotman lens while maintaining the lens performance.
Ⅴ. Conclusions
In this work, new transition structures that can replace the tapered line in a Rotman lens have been demonstrated as a novel method to realize a compact Rotman lens. The proposed transition structure is similar to a single-section transformer. With this structure, the connecting line can be matched with the lens body. The width and length are the adjustable parameters. It has smaller size than a typical tapered line, whose length is λ0/2. The 45% reduction in the area that includes the lens body and the transition structures can be achieved with the proposed method.
The proposed method is verified by the simulation and the measurement. A Rotman lens with the proposed transition structure occupies a smaller area than a conventional tapered Rotman lens. In conclusion, the proposed method can provide a compact design for a Rotman lens with good performance.
